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Fig. 4. Comparison of XPD with and without the contribution by trees (scat-
tering and attenuation).

For attenuation, the polarized coefficients presented in [3] help to im-
prove the prediction as the RMSE is reduced to 3.2 dB.

V. CONCLUSION

In this communication a method to evaluate scattering by tree
branches has been presented. This method has been developed to be
easily included in a pre-existent 3-D Ray-Tracing tool. The perfor-
mance of the model is tested with channel measurements in a campus
scenario and simulations results are presented.

From this comparison it is possible to conclude that, in such environ-
ments, attenuation by vegetation is not sufficient to model tree contri-
bution and that scattering plays a decisive role to correctly evaluate the
received power. Scattering is implemented thanks to a reduction coef-
ficient �� that can be evaluated with respect to the specular reflection
with different laws. The results show that when scattering is added to
the attenuation, the RMSE may decrease from 6.5 dB to 3.7 dB. The
polarization behavior of scattering by trees requires a more detailed
study, in order to further improve the XPD prediction.
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Abstract—We accurately calculate the reflection coefficient and normal-
ized admittance of radiating open-ended rectangular waveguides and fit
our results with a linear combination of Legendre polynomials. We verify
the expression to an accuracy of 0.005 with other calculations and examine
the impact of flanges and burrs on the accuracy to which the reflection co-
efficient can be approximated in practice.

Index Terms—Calibration, millimeter-wave, submillimeter wave, tera-
hertz, uncertainty analysis, vector network analyzer.

I. INTRODUCTION

We fit the calculated reflection coefficients and normalized admit-
tances of an infinite radiating open-ended rectangular waveguide to a
linear combination of Legendre polynomials, and investigate the ac-
curacy of the Legendre-polynomial expansion when applied to finite
waveguide flanges.
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Radiating open-ended rectangular waveguides find application in
near-field and anechoic antenna measurements [1], as phased-array
elements [2]–[4], and in reverberation-chamber measurements. As
most rectangular waveguides already have flanges, the impedance
of open-ended rectangular waveguides with flanges is of particular
interest in these applications. Radiating open-ended rectangular
waveguides have also found application in materials measure-
ments [5]. Recently, Liu and Weikle argued in [6] that, because
radiating open-ended rectangular waveguides do not suffer from
flange misalignment, they may actually be used to set the reference
impedance of rectangular-waveguide calibrations more accurately at
millimeter-wave and terahertz frequencies than transmission lines and
loads. These applications can all benefit from accurate closed-form
expressions for the reflection coefficient of radiating open-ended
rectangular waveguides. For example, [7] shows how waveguide
displacements introduce significant systematic bias into the reference
impedance of rectangular-waveguide thru-reflect-line calibrations
above 500 GHz, and investigates the use of precision match standards
and radiating opens to set the reference impedance of scattering-pa-
rameter calibrations.

In this communication, we present a more detailed study of the
reflection coefficient of radiating open-ended rectangular-waveguide
apertures in infinite half planes and waveguide flanges. We fit a linear
combination of Legendre polynomials to calculations from the method
of [8] we develop for the reflection coefficient of an open-ended rect-
angular waveguide radiating into an infinite half space to calculations
performed by Ansoft’s High-Frequency Structure Simulator1 (HFSS)
and the hybrid calculation method of [9]. We also assess the impact
of burrs, pins, and other flange artifacts encountered in practice on the
reflection coefficient of a radiating rectangular-waveguide test port
with experiments performed in WR 90 and with HFSS simulations,
and compare them to the accuracy of our fit.

II. OPEN-ENDED RECTANGULAR WAVEGUIDE RADIATING INTO AN

INFINITE HALF SPACE

Liu and Weikle [6] and Kim, et al. [10] estimated the reflection coef-
ficient of open-ended rectangular waveguides from HFSS calculations.
However, HFSS is a general-purpose three-dimensional simulator and
employs complicated meshing strategies and solution algorithms. As a
result, the accuracy of these calculations depends on a number of spe-
cific details of the analysis. For example, in HFSS, the grid size, number
of iterations, accuracy of the modal input and reference impedance, and
distance to perfectly matched layers all affect the accuracy of the cal-
culations, complicating the uncertainty analysis. This in turn makes it
difficult to determine the uncertainty of a calibration based on HFSS
calculations of the reflection coefficient of radiating test ports used to
set the reference impedance of the calibration.

To address this difficulty, we studied the convergence of the mode-
matching method of [8] and the hybrid method of [9], when used to de-
termine the reflection coefficient of an open-ended rectangular wave-
guide radiating into an infinite half space. For this study we used aper-
ture dimensions in the range ��� � ����� ����� � � � � ���� and ��� �

������ ���� � � � � ��	��, where � is the height of the waveguide, � is the
width of the waveguide, and � is the free-space wavelength.

Fig. 1 plots the differences between the reflection coefficients ob-
tained from the mode-matching method of [8] with 15 modes and the
hybrid method and a reference calculation obtained from the mode-
matching method using 28 modes. We plotted the results from [9] in
Fig. 1 with respect to one third of the number of modes specified in

1NIST does not endorse commercial products. Product information is only
given only to more completely specify the experimental conditions. Other prod-
ucts may work as well or better.

Fig. 1. Differences relative to the mode-matching method using 28 modes.

the program, as the algorithm of [9] does not account for the symmetry
of the problem, and includes approximately two unexcited modes for
every three modes specified.

The figure shows clear convergence of the hybrid method to our ref-
erence calculation obtained from the mode-matching approach with 28
modes. The figure also shows that reducing the number of modes in
the mode-matching method from 28 to 15 modes had little impact on
the result. Based on the figure, we felt that we could expect worst-case
errors of no more than 0.005 and mean errors of no more than 0.002 in
reflection coefficient if we used our reference calculation based on the
method of [8] with 28 modes. Similar considerations led to the adop-
tion of the mode-matching method of [8] in [7].

To speed the calculations, provide useful closed-form expressions,
and facilitate comparisons to HFSS simulations, we fit the admittance
����� of rectangular-waveguide opens radiating into a half space as
calculated by [8] with 28 modes and [9] with 180 modes specified (ap-
proximately 60 equivalent modes) in a least-squares sense to the Le-
gendre-polynomial expansion

�����
��
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where 	� is the Legendre polynomial of order �, 
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��������, 

 
 �� � ���� � ���������	. Here 
	 and 

 map ���
and ��� into [�1, 1], the range over which the Legendre polynomials
are orthogonal, over the grid spanning ��� � ����� ����� � � � � ���� and
��� � ���������� � � � � ��	��. We used this polynomial approximation
because it is generic and amenable to a linear least-squares solution. Al-
though we also could have fit standard polynomials to the normalized
admittance, we chose Legendre polynomials because they improve nu-
merical stability in finite-precision arithmetic. This approach allowed
us to determine fitting coefficients for (1) that resulted in the smooth
fit to the data shown in the Fig. 2 and reduced the largest residual to
only 0.0002. The fitting coefficients we derived from this procedure
are given in Table I.

Fig. 2 compares the interpolated values from the mode-matching
method of [8] and the hybrid method of [9] to HFSS simulations we
performed with perfectly matched layers placed 800 �� from a WM
380 (WR 1.5) [11] aperture of width � 
 ����� and a nominal height
� 
 �	� ��. The normalized admittances from the mode-matching
method of [8] and the hybrid method of [9] deviated by no more than
0.008, which corresponds to deviations of 0.004 in reflection coeffi-
cient, from our HFSS calculations, with the largest deviations occur-
ring below the lower end of the waveguide band.
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Fig. 2. Comparison of the normalized admittances of open-ended rectangular
waveguides radiating into a half space. (a) Real part of normalized admittance.
(b) imaginary part of normalized admittance.

III. MEASUREMENT VERIFICATION

To further verify our Legendre-polynomial fit (1), we fabricated an
8.9 cm by 8.9 cm plate with a WM 2540 (WR 10) aperture in the center.
We connected one WM 2540 test port of our vector network analyzer
to one face of the plate and performed a thru-reflect-line calibration
between the other face of the plate and the second test port of our ana-
lyzer, using rectangular waveguide sections of length 0.107 cm, 0.9182
cm, and 1.0233 cm in the calibration. The use of these three lines led
to significant redundancy in the calibration.

Figs. 3 and 4 compare our measurements and uncertainties of the
magnitude and phase of the reflection coefficient of a WM 2540 (WR
10) aperture radiating into free space to the reflection coefficient esti-
mated from the Legendre-polynomial fit in (1). We placed copper tape
over the alignment and screw holes in the plate to reduce their impact.

We found that the level of ripple in the measurements varied greatly
with the setup, and changed as we changed the orientation of the ra-
diating aperture with respect to the table and vector network analyzer.
From these observations, we concluded that the ripple with a roughly
0.5 GHz period in the measurements is real, and is caused by the finite
size of the plate we used and by reflections between the aperture and
other elements of the setup.

Nevertheless, we see that the agreement between the measurements
and the fit is, in fact, quite reasonable given that we did not perform
these measurements in an anechoic chamber where we could have con-

trolled reflections between the radiating aperture and the rest of the ap-
paratus.

We also applied the orthogonal-distance regression algorithm of
[12], [13] to estimate our uncertainty in the measurements due to
errors in the calibration of the vector network analyzer. This algorithm
constructs a Jacobian that maps residuals in the measurements of the
redundant calibration standards into estimates of the uncertainties
in the calibrated results. To capture test-set drift, we included mea-
surements performed both before and after the measurement of the
radiating open in the calibration.

Figs. 3 and 4 show that not all of the discrepancy between the mea-
surements and the polynomial fit can be explained by error in the cali-
bration. We believe that at least some of the remaining differences be-
tween our measurements and our Legendre-polynomial fit are probably
due to additional close-in reflections between the radiating aperture and
our setup, not our calculations.

We also compared our Legendre-polynomial fit to HFSS and CST
Microwave Studio1 calculations in [10]. While the magnitudes of the
reflection coefficient from (6) of [10] shown in Fig. 3 agree reason-
ably well with our Legendre-polynomial fit, the uncertainties in our
measurements are not low enough to differentiate between the curves.
However, we observed that the agreement between the mode-matching
method of [8] and the hybrid method of [9] was significantly better than
the agreement between those methods and our HFSS calculations, and
that the quality of our HFSS calculations depended significantly on the
way that the problem was set up. Thus we still have greater confidence
in our results.

We also attempted to compare our results to [14], but were not able
to obtain the original code required to perform a rigorous comparison.
However, we did observe an agreement of 0.005 between our fit to
the admittance of a radiating open-ended waveguide and the single-
frequency result listed in Table I of [14]. We also note that the authors
of [8] and [9] we used to develop our Legendre-polynomial fit did have
access to the original code used in [14], and found good agreement
between their approaches and the approach of [14] over a broad range
of frequencies and dimensions [8], [9].

We also attempted to compare our phase measurements to the fit (7)
in [10], but were not able to obtain reasonable results from (7). We
suspect that there may be a typographical error in the formula presented
in [10], but were not able to confirm this with the authors.

Finally, we compared our results with the measured and analytic re-
flection coefficients of a flangeless radiating waveguide open reported
in [15]. In fact, we found that our Legendre-polynomial fit did not agree
well with the analytic expressions and measurements in [15]. However,
we used CST Microwave Studio to solve both problems. This study
showed that the differences between our results and the measured and
analytic reflection coefficients of a flangeless radiating waveguide open
reported in [15] were consistent with the difference we would expect
from the CST Microwave Studio simulations, further increasing our
confidence on our results.

IV. FINITE FLANGES

Having established a good Legendre-polynomial fit to the reflection
coefficient of a rectangular waveguide radiating into an infinite half
space, we now turn to the more practical consideration of how well
this ideal reflection coefficient models the actual reflection coefficients
of radiating opens in flanges having finite dimensions and alignment
pins.

A. Pins and Flange

We assessed the impact of reflections from the alignment pins of a
UG 387 flange experimentally on the reflection coefficient of a radi-
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TABLE I
LEGENDRE-FIT COEFFICIENTS � IN (1) DERIVED FROM THE MODE-MATCHING METHOD OF [8] USING 28 MODES

ating open with scaled WR 90 experiments over the frequency range
of 8.2 GHz to 12.4 GHz. Fig. 5 shows the WR 90 aperture and scaled
pins we used in the experiments. The sizes and distances of the pins
from the aperture were selected to approximate the scaled sizes of pins
in waveguide sizes up to WM-380 (WR 1.5), and are shown in their
actual positions in the figure. While the pins must be placed farther
from the aperture as the frequency is scaled upwards, they also become
larger, resulting in a slower decay than might be expected.

We then fit our measured results to the radar cross section of a
cylinder, and added in a term to account for large reflections we

observed when the pin was in the near field of the aperture. This
resulted in the rough approximation

������� � �����
��������

��

����

��

��

�

�

� ��
��

�

�

(2)

for the average impact ����� on the reflection coefficient of the radi-
ating open, where ���� is the height of the alignment pin, ���� is its
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Fig. 3. Magnitude of the reflection coefficient of radiating open-ended wave-
guide with an infinite and semi-infinite flange.

Fig. 4. Phase of the reflection coefficient of radiating open-ended waveguide
with an infinite and semi-infinite flange. Estimates of the phase from [10] were
not available for comparison (see discussion).

Fig. 5. WR 90 aperture and scale-model pins.

radius, � is the distance between the center of the aperture and the pin,
and �� is the free-space wavelength.

The first term in (2) corresponds to the radar cross section of a
cylinder in the far field. This term is most significant at millimeter
wavelengths, as it decays slowly with frequency. The second term
dominates at lower frequencies, and leads to large reflections in larger
waveguide sizes used at lower frequencies.

Finally, we built an HFSS model for the UG 387 flanges we used.
The model included the pins, the holes for the screws, the boss specified
in [16], and the edge of the flange. We were unable to run the HFSS
simulations in the far field of the aperture because the problem size
became too large for our computers. However, we were able to run the

Fig. 6. Comparison of HFSS simulations to the experimentally based formula
(2).

simulations for WM-2540 (WR 10), WM-1650 (WR 6) and WM-710
(WR 4) openings in the flange.

Fig. 6 compares the experimentally-based formula (2) for two pins
in a UG 387 flange with ���� � ���� ��, ���� � ����� �� and
� � 	��

 �� to our HFSS calculations. The agreement between (2)
and the HFSS calculation of the reflection off two pins is only fair, but
agrees reasonably well with (2). The HFSS calculations for the reflec-
tion off the entire flange marked with circles in Fig. 6 indicate that (2)
underestimates the reflection off other flange components by as much
as a factor of three or four.

Thus we multiplied (2) by a factor of 6 before incorporating it into the
error analysis of [7]. The first factor of two accounted for the fact that
we had two pins on each flange, and the factor of 3 accounted for the
best estimate we had available for the additional impact of the boss and
edge of the flange on the reflection coefficient of our radiating opens.

Finally, we note that our estimated uncertainty of 0.002 in our Le-
gendre-polynomial fit does not become comparable to ������� calcu-
lated from (2) for a UG 387 flange until about 100 THz. This indicates
that the accuracy of our Legendre-polynomial fit is more than adequate
at terahertz frequencies, and that reflections from the pins and flanges
more seriously limit calibration accuracy.

B. Burrs

We also used HFSS to develop the rough approximation

����� � ��
�

�

�

� ����
�

�

�

��� �
�

�

��	 ���

�

�

�

�
(3)

for the change ����� in the refection coefficient of a radiating open
due to a burr of dimension � and position y on the broad wall of the
test-port aperture. Appendix I of [7] presents a similar formula for burrs
at the interface between two rectangular waveguides. Our simulations
indicated that burrs on the narrow wall of the aperture had a much
smaller impact on reflections, and we neglected these burrs in our anal-
ysis.

Equation (3) indicates that the impact of burrs grows with increasing
frequency, and that even burrs as small as 2.5 
� have as much impact
on the reflection coefficient of a radiating open at 1 THz as the 0.002
uncertainty in our Legendre-polynomial fit to the reflection coefficient
of a radiating open.
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V. SOFTWARE

We have encapsulated the results of this analysis in the freeware
packages [17] and [18].

VI. CONCLUSION

We fit a linear combination of Legendre polynomials to the reflec-
tion coefficient of open-ended rectangular waveguides radiating into an
infinite half space to an accuracy of approximately 0.002. Our analysis
indicates that reflections from the pins, edges, and burrs of UG 387
flanges are large enough that this error in the Legendre-polynomial fit
can be ignored in practice. The analysis also provides a firm basis for
the uncertainty analysis described in [7].
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Abstract—An investigation of the fading experienced by on-body diver-
sity channels at 2.45 GHz is presented by focusing on the effects of the re-
ceive antennas position and the human body movement. This investigation
is based on the conduction and analysis of signal measurements in an indoor
office environment using bodyworn antennas. Three principal combining
techniques, namely selection combining (SC), equal gain combining (EGC)
and maximal ratio combining (MRC) are considered. A statistical charac-
terization of the fading experienced by dual diversity on-body channels is
performed in terms of first and second order statistics. Our investigations
have shown that among several distributions tested, the distribu-
tion provides sufficient fit to measured combined signal envelopes and also
offers a good approximation to second order statistics for the majority of
test cases.

Index Terms—Body area network (BAN), channel modeling, diversity,
on-body channel, propagation measurements, second order statistics.

I. INTRODUCTION

Recently the decreasing size of wearable devices and the prolifera-
tion of applications implementing wearable systems have significantly
raised the interest of the research community in on-body communica-
tions. Currently, on-body communications are under standardization by
the IEEE 802.15.6 body area network (BAN) group [1] regarding sev-
eral application areas such as medical, military, personal recreation and
more. Recent BAN implementations, such as military and sport equip-
ment for communications between wearable transceivers demonstrate
the ever increasing need for systems with higher data rate and larger
system throughput [2]. At the same time, on-body channels are subject
to a continuously variable environment caused by changes in body pos-
ture, surrounding environment and signal direction. Furthermore, the
transmitted power levels should be relatively low. Under these circum-
stances, spatial diversity could be used to mitigate fading and increase
communication rates in an on-body environment.

A critical issue for a successful BAN system design is the accurate
statistical modeling of the propagation channel. In the past, a significant
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